Background: Bardoxolone methyl has been shown to increase eGFR in several clinical trials, including a phase 3 trial in patients with type 2 diabetes and stage 4 CKD (BEACON), which was terminated early due to an increase in heart failure events in bardoxolone methyl-treated patients. A separate, "thorough QT" study was conducted in parallel with BEACON to evaluate the cardiovascular safety of bardoxolone methyl in healthy subjects. Methods: Subjects in the "thorough QT" study were randomized to receive bardoxolone methyl 20 mg (therapeutic dose) or 80 mg (supratherapeutic dose), placebo, or moxifloxacin (400 mg; an active comparator). ECG results and supine blood pressure measurements were analyzed. The effects of bardoxolone methyl on QT interval changes from baseline were quantified compared to the effect of placebo by calculating mean, time-matched, placebo-corrected, baseline-adjusted QTcF values (ΔΔQTcF) after 6 days of daily administration of bardoxolone methyl. Results: The study was halted early due to emerging safety information from the BEACON trial; however, 142/179 patients received all doses of the study drug and completed the study. For both bardoxolone methyl-treated groups (20 and 80 mg), the upper limits of the 2-sided 90% confidence interval for ΔΔQTcF were less than the significance limit (10 ms) at all time points. Changes in blood pressure were similar in all treatment groups, and no serious adverse events were reported. Conclusions: In healthy subjects, treatment with 20 or 80 mg bardoxolone methyl did not affect the QTcF interval.
Introduction
Bardoxolone methyl activates the nuclear factor E2-related factor 2 (Nrf2) pathway, which plays an important role in maintaining kidney function and structure [1] [2] [3] [4] [5] . Bardoxolone methyl interacts with cysteine residues on kelch-like ECH-associated protein 1 (Keap1) allowing Nrf2 translocation to the nucleus and subsequent up-regulation of a multitude of antioxidant genes [1, 5, 6] . Additionally, the structure and activity profile of bardoxolone methyl resemble those of the cyclopentenone prostaglandins, endogenous Nrf2 activators that exert anti-inflammatory effects by inhibiting the proinflammatory nuclear factor κB (NFκB) pathway [7] [8] [9] [10] .
Preclinical studies have shown that bardoxolone methyl and close analogs have beneficial activity in animal models of kidney disease, including amelioration of murine ischemic acute kidney injury [11] , attenuation of kidney interstitial inflammation and fibrosis in mice with proteinuria induced by protein overload [12, 13] , and protection against fibrosis in a 5/6 nephrectomy model of chronic kidney disease (CKD) [14] .
Improvements in kidney function, assessed using measured inulin clearance, measured creatinine clearance, and estimated glomerular filtration rate (eGFR), have also been observed consistently with bardoxolone methyl treatment in several clinical trials [15] [16] [17] [18] . The largest of these was a multinational, randomized, double-blind, placebo-controlled, phase 3 outcome trial, which enrolled 2,185 patients with type 2 diabetes mellitus and CKD stage 4 (Bardoxolone Methyl Evaluation in Patients with Chronic Kidney Disease and Type 2 Diabetes: The Occurrence of Renal Events [BEACON]) [17] . The BEACON trial was terminated early because of safety concerns, largely driven by a significant increase in heart failure events within the first 4 weeks of drug exposure. The cause of these events was subsequently determined to be acute fluid retention without evidence of direct cardiotoxicity in a subset of patients with identifiable risk factors (elevated baseline B-type natriuretic peptide and prior history of heart failure) [19, 20] , which allowed for exclusion of at-risk patients in subsequent trials.
A separate "thorough QT" cardiovascular safety study (NCT01689116) was conducted in parallel with BEACON that was designed to evaluate the effect of bardoxolone methyl on the QT/QTc interval at therapeutic (20 mg) and supratherapeutic doses (80 mg) in healthy subjects, as recommended by the ICH E14 Guidance on the Clinical Evaluation of QT/QTc Interval Prolongation and Proarrhythmic Potential for Non-Antiarrhythmic Drugs [21] . We performed analyses from the cardiovascular safety study to further characterize the pharmacological effects of bardoxolone methyl on cardiac repolarization, as detected by changes in the QT/QTc interval.
Methods
This single-center, multiple-dose, randomized, double-blind, double-dummy, placebo-controlled, active-comparator, parallel study (NCT01689116) evaluated 4 treatments. Subjects were randomized to receive bardoxolone methyl (20 or 80 mg), placebo, or moxifloxacin (400 mg) as the active comparator. Bardoxolone methyl and placebo capsules were administered once daily for 6 consecutive days, and 1 encapsulated tablet of moxifloxacin or moxifloxacin placebo was administered on study day 6. All subjects returned for a follow-up visit on study day 13 and had a follow-up phone call on study day 21. The study was also halted on October 18, 2012, due to emerging safety information for bardoxolone methyl from the BEACON study. Healthy males and females between 18 and 50 years of age with a body mass index (BMI) ≥18 but ≤32 kg/m 2 were eligible for the study. Subjects with a history of unexplained syncope, cardiac arrest, cardiac arrhythmia (unexplained or torsades de pointes), structural heart disease, or a family history of long QT syndrome were excluded from the study. Additionally, subjects with evidence of cardiac conduction abnormalities, supine systolic blood pressure outside of the 90-145 mm Hg range, or diastolic blood pressure outside of the 45-96 mm Hg range at the screening visit were excluded.
Results

Patient Population
A summary of demographics by treatment group from the cardiovascular safety study is presented in Table 1 . Overall, 179 subjects were enrolled in the cardiovascular safety study. The 179 healthy adult subjects in this study had a mean age of 33 years (range 18-50 years), mean weight of 76. The demographic characteristics for the 4 treatment groups were comparable. Because the study was halted, only 142 subjects received all doses of the study drug and completed the study. Placebo-corrected changes from baseline in QTcF with bardoxolone methyl (BARD) in a cardiovascular safety study from a multiple-dose, randomized, double-blind, placebo-controlled cardiovascular safety "thorough QT" study in healthy volunteers. Data plotted are mean (±90% CI) timematched, placebo-corrected QTcF changes from baseline (ΔΔQTcF) 0.5-24 h after the dose on study day 6 for subjects administered 20 mg (n = 37) or 80 mg (n = 33) of bardoxolone methyl for 6 consecutive days versus subjects administered placebo (n = 36). Figure 1 shows placebo-corrected changes from baseline in QTcF for patients randomized to 20 or 80 mg of bardoxolone methyl. Bardoxolone methyl was associated with small, dosedependent decreases from baseline in QTcF. Importantly, the upper limits of the 2-sided 90% CIs for ΔΔQTcF were less than the prespecified significance threshold (10 ms) at all time points (post-study day 6 dose) for the 20-and 80-mg bardoxolone methyl groups (the highest upper bounds were 5.1 and 2.8 ms for the 20-and 80-mg dose group, respectively), demonstrating that bardoxolone methyl does not prolong the QTc interval to a clinically meaningful extent.
Effects of Bardoxolone Methyl on QTcF
Effects of Bardoxolone Methyl on Blood Pressure
In Figure 2 , the mean time-matched, placebo-corrected changes in systolic and diastolic blood pressure on study days 1 and 6 versus baseline are depicted for patients randomized to 20 or 80 mg of bardoxolone methyl. In both bardoxolone methyl-treated groups, changes in blood pressure did not differ from changes in placebo-treated patients after 6 days of oncedaily administration.
Adverse Events
Overall, there were 163 treatment-emergent adverse events reported in 66 subjects during the study. No serious adverse events were reported, and none of the adverse events led to discontinuation of treatment during the study. Most adverse events reported during the study were mild in intensity and resolved or were improving at study conclusion. The overall number of subjects reporting adverse events was higher for the 80-mg bardoxolone methyl group than for the 20-mg bardoxolone methyl, placebo, or moxifloxacin groups ( Table 2 ). The most frequently reported adverse event was increased alanine transaminase (ALT), which occurred only in the bardoxolone methyl treatment groups (occurring in 2 [4.4%] subjects in the 20-mg group and in 14 [31.8%] subjects in the 80-mg group). Adverse events such as headache, nausea, and dizziness were reported for all treatment groups.
Discussion
The main objective of this study was to evaluate the effects of bardoxolone methyl on QTc interval following once-daily administration of 20 and 80 mg bardoxolone methyl for 6 consecutive days. No clinically significant increases were noted in QTcF at doses as high as 80 mg, and the upper bounds of the 90% CIs on placebo-corrected changes in QTcF (ΔΔQTcF) at Includes treatment-emergent adverse events reported in ≥5 subjects given bardoxolone methyl. Table 2 . Summary of adverse events all measurement time points for both bardoxolone methyl treatment groups were less than the 10-ms significance limit. Values for QTcF tended to decrease with increasing bardoxolone methyl concentrations. These data are consistent with QTcF data from ECG assessments collected in BEACON, which showed that patients randomized to 20 mg of bardoxolone methyl had decreases in QTcF at weeks 24 and 48 compared to baseline and placebo.
Despite the early termination of BEACON, patients randomized to bardoxolone methyl in BEACON experienced significantly improved kidney function. Lower serum creatinine concentrations (corresponding to higher eGFRs), along with lower serum concentrations of urea nitrogen, uric acid, and phosphorus were observed. In concert with increases in eGFR, reductions in serum magnesium were also observed in bardoxolone methyl-treated patients, and hypomagnesemia was reported as an adverse event in 21% of patients randomized to bardoxolone methyl compared with 6% of placebo patients [17] . Although low magnesium levels can increase the risk for arrhythmias, data from the present study demonstrate that there is no effect of bardoxolone methyl on QT interval, suggesting that the observed decreases in serum magnesium with bardoxolone methyl treatment are not associated with QTcF increases.
Additionally, the present study showed that bardoxolone methyl treatment had no effect on systolic or diastolic blood pressure in healthy subjects. No clear patterns or trends were evident in blood pressure on study days 1 or 6 following treatment with 20 or 80 mg bardoxolone methyl, and no statistically significant relationship was found between systolic or diastolic blood pressure and bardoxolone methyl concentrations. As previously reported, blood pressure was increased in the bardoxolone methyl group compared to the placebo group in BEACON [14] and analyses of phase 2 CKD studies conducted with bardoxolone methyl showed increases in both systolic and diastolic blood pressure were observed primarily in stage 4 CKD patients and not in stage 3 CKD patients. Together with previously reported data, the blood pressure data from the present study indicate that bardoxolone methyl treatment may differentially affect systemic hemodynamic status according to the clinical condition of subjects, with no clinically detectable effect in healthy volunteers or early-stage CKD patients, while fluid retention is apparently promoted without evidence of direct cardiotoxicity in patients with more advanced kidney dysfunction and other recognized risk factors which are associated with heart failure at baseline. Importantly, subsequent clinical trials with bardoxolone methyl have used the identified risk factors for heart failure from BEACON to exclude patients with elevated baseline B-type natriuretic peptide and a prior history of heart failure. No signs of overt fluid overload or subclinical measures of fluid retention, including meaningful changes in blood pressure or B-type natriuretic peptide, have been observed in those studies [18, 22, 23] , and support that prospectively enrolling patients who are not at risk for fluid retention may effectively mitigate the risk for fluid overload with bardoxolone methyl.
The most commonly reported adverse event in the present study was increased ALT. As observed in other clinical studies [16, 17] , transient increases in ALT were observed in the present study for patients receiving bardoxolone methyl; mean ALT values increased to a maximum on study day 7 that remained below 3× the upper limit of the population reference range (data not shown). Importantly, increases in ALT with bardoxolone methyl treatment are not associated with elevations in bilirubin levels or other signs of liver toxicity. Bardoxolone methyl also increases ALT and aspartate transaminase (AST) protein levels in cell lines derived from non-hepatic tissues, such as colon, skeletal muscle, and kidney [24] . These data suggest that bardoxolone methyl may regulate ALT and AST expression in multiple organs, and that the increases in transaminase levels observed in humans may be related to the pharmacology of the drug rather than liver toxicity. Notably, no reports of drug-induced liver injury have ever been reported with bardoxolone methyl treatment, and fewer hepatobiliary serious adverse events were reported in bardoxolone methyl-treated patients than in placebo patients in BEACON (4 vs. 8 patients, respectively) [17] .
In summary, treatment with bardoxolone methyl was not associated with adverse cardiovascular effects on QT interval. Instead, improvements in kidney function have been consistently observed in multiple clinical studies with bardoxolone methyl, and the durable increases in eGFR with bardoxolone methyl were associated in BEACON with a significantly reduced likelihood of kidney failure outcomes, including end-stage renal disease and other validated surrogates (≥30% decline in eGFR or eGFR < 15 mL/min/1.73 m 2 [25] ). Bardoxolone methyl is currently being studied in a global phase 2/3 study in patients with CKD due to the Alport syndrome (CARDINAL; NCT03019185), in a phase 2 study in US patients with other rare forms of CKD, including autosomal dominant polycystic kidney disease, type 1 diabetes, IgA nephropathy, and focal segmental glomerulosclerosis (PHOENIX, NCT03366337), and in a phase 3 study in Japanese patients with type 2 diabetes and CKD (AYAME, NCT03550443).
